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Abstract: Lithium plays an increasing role in battery applications, but is also used in ceramics and
other chemical applications. Therefore, a higher demand can be expected for the coming years.
Lithium occurs in nature mainly in different mineralizations but also in large salt lakes in dry
areas. As lithium cannot normally be analyzed using XRF-techniques (XRF = X-ray Fluorescence),
the element must be analyzed by time consuming wet chemical treatment techniques. This paper
concentrates on XRD techniques for the quantitative analysis of lithium minerals and the resulting
recalculation using additional statistical methods of the lithium contents. Many lithium containing
ores and concentrates are rather simple in mineralogical composition and are often based on binary
mineral assemblages. Using these compositions in binary and ternary mixtures of lithium minerals,
such as spodumene, amblygonite, lepidolite, zinnwaldite, petalite and triphylite, a quantification of
mineral content can be made. The recalculation of lithium content from quantitative mineralogical
analysis leads to a fast and reliable lithium determination in the ores and concentrates. The techniques
used for the characterization were quantitative mineralogy by the Rietveld method for determining
the quantitative mineral compositions and statistical calculations using additional methods such as
partial least square regression (PLSR) and cluster analysis methods to predict additional parameters,
like quality, of the samples. The statistical calculations and calibration techniques makes it especially
possible to quantify reliable and fast. Samples and concentrates from different lithium deposits and
occurrences around the world were used for these investigations. Using the proposed XRD method,
detection limits of less than 1% of mineral and, therefore down to 0.1% lithium oxide, can be reached.
Case studies from a hard rock lithium deposit will demonstrate the value of mineralogical monitoring
during mining and the different processing steps. Additional, more complex considerations for the
analysis of lithium samples from salt lake brines are included and will be discussed.

Keywords: lithium; quantification; XRD; PLSR; clustering; Rietveld; cluster analysis; spodumene;
petalite; lepidolite; triphylite; zinnwaldite; amblygonite

1. Introduction

Lithium is an element in the chemical periodic system with ordinal number 3. The for-
mation and details on the metal are summarized by [1-5]. Almost half of the lithium
production is nowadays increasingly used in the fabrication of batteries [5,6]. Therefore,
an increasing demand in the metal supply is visible [7,8]. Other uses of lithium are in
ceramics industry, grease, polymers and air treatment among others. The main lithium
resources are coming from lithium salt lake brines in arid areas and from different lithium
containing minerals, often concentrated in economic mining sites [9-13]. Lithium resources
in Europe were summarized by [14]. The worldwide situation was described by [15-17].
Some lithium containing clays are also promising nowadays. Lithium forms 124 mineral
species [18,19]. 44% of all lithium minerals occur in LCT-pegmatites and associated meta-
somatic rocks [20,21]. Other main sources of lithium minerals are non-LCT pegmatites and
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their metasomatic rocks, metasomatic rocks not associated with pegmatites, and manganese
deposits [19]. A list of widely abundant minerals is given in [18]. However, not all of these
are enriched in quantities to be mined. The mineral with the highest lithium-content is
the rare Zabuyelite Li;CO3 (18.79%). A summary of lithium demand and supply is given
in [22]. By analyzing elements associated in LCT pegmatites (LCT = lithium-cesium tanta-
lum pegmatites) [23] (Ga, Rb, Nb, Sn, Cs, Ta, Tl) satisfactorily lithium can be predicted [24]
by pu-XREF. Another basis for lithium is also the occurrence in salt lakes in dry areas. The
lithium must be concentrated by thermal and leaching processes [25-30]. A review of en-
richment techniques is given by [31]. Some investigations are included in this publication.
Li-Minerals, which can be mined in large quantities, as a basic source from geological
enrichment with their chemical compositions and XRD data files, are summarized in Table

1. The lithium determination in these mineral concentrates will be described.

Table 1. Important lithium-bearing minerals, compositions and crystal structure files.

Lithium-Content in Lithium Oxide Content

Mineral Composition Wt% in wt% ICSD-No. Literature
30,521
9668 ()
Spodumene LiAl[Si;O¢]—(, B, v) 3.73 8.03 14,235 (B) [32]
69,221 (v)
Virgilite
Petalite LiAl[Si4O10] 3.09 4.50 100,348 [33]
- 30,785
Lepidolite . . 3.58 7.7 ¢
Polylithionite KLiz[AlSi3O10/ (OH,F)2] 300 o6 34,336 [30]
(with F)
Zinnwaldite KLiFeAl[AlSizO1/(EOH),] 3.42 432,226 [34]
. . 26,513
Amblygonite/ LiAI[PO4F]/ 3.44/3.80 10.21 68,925 (OH/F) [18]
Montebrasite LiAI[PO4OH] 4.74 7.49 (at 5% NayO) 68,921 (OH)
Lithiophilite/ LiMn[PO4]/ 4.43 9.53 75,283 [35]
Triphylite LiFe[POy] 4.40 9.47 72,545 o

For these lithium minerals from definite occurrences, different calibration curves
were set up and statistical methods were successfully introduced to determine the rele-
vant lithium oxide content of these mixtures. The lithium content of these Li-minerals
increases from Zinnwaldite, Petalite, Lepidolite, Spodumene, and Triphylite to Amblygo-
nite/Montebrasite. It must also be taken into account that these minerals can form solid
solutions which do influence these absolute lithium contents and must be adapted and
determined separately [36]. In Figure 1 the theoretical calibration curves of the six lithium
containing minerals, with ideal composition, showing their maximum lithium contents, are
given. In practical work these curves with the lithium contents of the respective occurrence
must be adapted due to the investigated mineral composition and ore compositions from
different geological occurrences.

The used lithium minerals in this study come from different origins. These determined
compositions can be representative for other occurrences, but must otherwise simply
be adapted, mainly when different solid solutions of these minerals do occur. For all
calibrations, the standard mineral compositions of the relevant occurrences were used.
Calibrations must be changed when larger differences in mineral compositions occur. The
used lithium ores and their matrices can be seen in Figure 2a—f showing the different
lithium minerals coming from varying origins. These used ores and concentrates are rather
simple in mineralogical compositions as mineral paragenesis for these processed ores are
very uniform. Many of these ores are only composed of additional quartz, and some also
contain feldspar.
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Figure 1. Maximum lithium oxide contents in different lithium minerals. Variation of lithium
depending from content of the minerals (wt.%).
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Figure 2. (a) Underground image of slightly green spodumene crystals (green crystal size ca. 1 m) in quartz matrix—MG—DBrazil,
(b) Montebrasite/ Amblygonite occurrence with quartz—Serra Branca, Brazil, image: 30 m, (c) Triphylite with small quartz
intergrowth—Hagendorf, Germany, image: 10 cm, (d) Zinnwaldite mica—Ore mountains/Germany, image: 5 cm, (e): Lepidolite
in quartz/feldspar assemblage—Mangualde, Portugal, image: 10 cm, (f) Petalite/Rubicon mine-Namibia, image: 10 cm.

The lithium contents of the minerals must be carefully calculated due to their chemical
compositions. Spodumene, petalite and triphylite minerals are easy to handle since their
solid solutions are rather restricted. For Montebrasite/ Amblygonite, Zinnwaldite and
Lepidolite, the lithium contents must be determined in advance, since different solid
solutions of these minerals may occur in different occurrences.
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For all determinations it is also necessary to verify these contents from time to time, as
some change may also be possible in the geological surroundings within one occurrence.

2. Experimental

A technical approach for lithium determination by quantitative mineral determination
and following Li,O calculation was performed using XRD powder techniques and different
interpretation methods. Due to the non-possibility of a direct XRF analysis for lithium, a
new method based on quantitative X-ray Diffraction of the lithium minerals, combined
with calculation of lithium from their mineralogical composition, is proposed. Time-
consuming wet chemical analysis procedure is only used from time to time for verification
purposes. The following XRD techniques and combined calculating statistical procedures
were applied for these quantitative mineral and lithium determinations:

2.1. Qualitative and Quantitative Mineral Analysis by XRD Combined with Rietveld
Refinement Calculations

The XRD analysis was performed using a PANalytical Expert system (Panalytical
Highscore Version 4.9, Almelo, The Netherlands) with X’celerator detector and program
Highscore Plus for analytical treatment of qualitative mineral compositions. Mineral
determinations were done by using the actual ICDD (PDF4, 2021) (International Centre for
Diffraction Data, Newtown Square, PA, USA) database. Also, the same program was used
for Rietveld [22,37] refinement and statistical procedures. The relevant ICSD (Inorganic
Crystal Structure Database, FIZ Karlsruhe) structure files are summarized in Table 1. The
sample preparation for XRD was conducted by filling fine milled powders into steel ring
sample holders using the backload preparation methodology.

The following parameters for X-ray experiments were used (Table 2).

Table 2. XRD measurement parameters. (LFF = long fine focus spot).

Parameter LFF-Tube-Cu LFF-Tube-Co
Measurement range (2 theta) 5-70 5-90
Step (2 theta) 0.02 0.02
Counting time in s 10 10
Antiscatter slit 1/8 1/8
Soller slits 2.3 2.3
Voltage in kV 45 40
Tension in mA 30 35
B-filter Ni Fe

Quantitative analysis of the samples was mainly made using Rietveld analysis in
Highscore Plus program. Quantification of amorphous contents was made by the addition
of an Inner standard (Rutile) of 10%. Background calculation was added as determined
manually. Refinement control of the samples was performed using the Pseudo-Voigt profile
function, scale factor, zero shift, unit cell and W-profile parameter. The verification of the
determined contents was obtained by addition of definite amounts of mineral phases and
following calculations and construction of the regression curves.

2.2. PLSR—DPartial Least Squares Refinement Techniques for Different Mineral Mixtures

Full pattern Rietveld quantification [2,8,38,39] using crystal structures can be replaced
by partial least squares refinement calculations using high score plus platform and the
specific part of the program for correlating mineral contents and XRD results. The PLSR can
be mainly used also in industrial applications to correlate mineral components with their
quantitative contents. With this method no pure phases, crystal structures or modelling of
peak shapes are necessary. For setting up this method a number of samples for calibration
and validation are needed. Data are afterwards processed by calculating diagrams showing
regression plots of reference values (X-axis) versus predicted values (Y-axis). Different



Minerals 2021, 11, 1058

5 of 35

scaling mode methods can be used to find the best calibration model (center method (the
mean is subtracted from each value for the definite variable) and standardize method
(the variables are standardized by subtracting the mean and dividing by the standard
deviation). After calibration these models can be used for unknown samples to predict
the defined property. With the used equipment, a precise result can be obtained within
minutes and therefore the method can be used for process control. No specific preferred
orientation refinement model was used, as this can influence the content of the minerals.
Instead, for the calibration the preparation was standardized.

2.3. Cluster-Analysis of Obtained XRD Patterns of Mixtures

Cluster analysis is a statistical method [2,40-42] which can be used for obtaining rapid
results in ore assessment by finding similar groups (clusters) which are more similar to
each other than to those of other groups. The technique is mainly used for data reduction.
It is applied here to find clusters containing similar grades of lithium contents in the ores
(high, intermediate, and low grade) to obtain arguments for further ore treatment. Within
this method additional possibilities can be used for further optimizations (PCA (principal
component analysis), dendrogram, KGS (Kelley, Gardner, Sutcliffe) test and others). The
dendrogram is a possibility to define different clusters using the cut off between less similar
XRD patterns. Mainly, cluster analysis is used for data reduction of complex systems.

2.4. Principal Component Analysis—PCA

PCA plots [40,43] using the resulting eigenvectors, can create a three-dimensional
arrangement of first three principal components and can show thereof the XRD data
belonging to the different clusters.

2.5. Determination of Detection Limits for Different Lithium Minerals in Matrices

The minimal detection of minerals in the relevant matrices is the basic fact that must be
done to see what is the lowest lithium concentration which can be detected. Despite these
low concentrations not being as interesting as lithium ores, these mixtures can be classified
in the different group of low content lithium ore or otherwise a different fourth grade can
be added, meaning low lithium contents without any interest for lithium extraction. The
lowest lithium concentration which can be measured is dependent on the possibility of
identifying the lithium mineral in the matrix and is given for any lithium mineral used in
this study.

Furthermore, the program High Score Plus was used for Rietveld refinement and
some additional statistical procedures. The relevant ICSD structure files necessary for
Rietveld analysis are summarized in Table 1.

For these investigations of lithium content determinations in lithium concentrates dif-
ferent localities with several relevant lithium minerals from deposits in Germany, Portugal,
Namibia, Brazil, Finland, and Australia were used. The results for these 6 main important
lithium minerals, ores and concentrates are presented. Different additional interesting
results were obtained for complex analyses of multi-mineral lithium brine investigations
originating from Chile.

3. Results for the Quantifications of Different Lithium Minerals in Binary Mixtures
with Quartz

3.1. Quantification of Petalite—LiAlSiyO19-Quartz SiO;

Petalite ore samples from the Namibian occurrence were used in a typical binary
mixture with quartz and 10% of weight differences were used. These samples were used to
determine the mineral contents and thereof the lithium contents. A calibration curve for
Petalite [33] with different amounts (10% weight portions) of accompanying quartz was
set up using XRD’s with different contents of the minerals (Figure 3). It can easily be seen,
that high and medium grade ores (contents of 100 weight% to 20 weight% Petalite) show
strong Petalite peaks in XRD patterns, which can easily be identified.
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Figure 3. XRD patterns used for the calibration of petalite-quartz weight% mixtures (triplet of
petalite peaks and main peak of quartz highlighted).

In the mixtures also the minimum content of the lithium mineral petalite, which can
be detected, was determined. In Figure 4 the XRD patterns of pure petalite and a mixture
of quartz with 5% of petalite is shown. Figure 4b shows several XRD patterns of binary
mixtures and also the binary mixture at the detection limit of Petalite in a quartz matrix.
It can be seen, that the main peak of petalite is easily detectable, meaning, that lithium
contents down to 0.5% Li,O can be detected. In Figure 5 the linear calibration curve using
PLSR curves of petalite in quartz matrix is given.

- counts
counts [ 0.1g Petalite + 1.9g Quartz Quariz
L B - |- 0.025g Petalite + 1.975g Quartz
Petalite ground 0.4g Petalite + 1.6 Quartz
| 1.0 Petalite + 1.0 Quartz
15,000 15.000 1.6 Petalite + 0.4 Quartz
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A W
VV SYACE 2 S
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Figure 4. Determination limit of petalite in quartz matrix using main peaks of petalite. (a) Part of
XRD pattern petalite and mixture of 95% quartz/5% Petalite; (b) Main peak of petalite in quartz
matrices of different contents.
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Figure 5. PLSR calibration curve for petalite-quartz mixtures.

From these different contents of petalite in lithium mineral quartz matrix the detection
limit for lithium oxide can be derived (Table 3) showing the contents of lithium oxide
derived from XRD patterns in Figure 4b. The PLSR calibration curve for petalite—quartz
mixtures is given in Figure 5.

Table 3. Lithium oxide content as given from several selected petalite/quartz mixtures.

XRD-Mixture of Petalite/Quartz in % Li, O Content in %
Petalite 100 4.5
Petalite/Quartz 80/20 3.6
Petalite/Quartz 50/50 2.25
Petalite/Quartz 20/80 0.9
Petalite/Quartz 1.25/98.75 0.056

The cluster analysis brings similar contents of minerals into selective groups when
necessary. Segments of three different clusters, containing areas with comparable lithium
contents (high-medium-low grade ores) were determined in this case (Figure 6), but it is
also possible to calculate other different clusters (and derived lithium contents thereof)
in application cases when necessary. Here it is possible to determine for instance cut off
values of economic lithium mineral contents.
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Figure 6. Clustering of petalite-quartz mixtures (three clusters with differing lithium contents).
*** most representative sample of cluster, + are the most different ones in the clusters.

3.2. Quantification of Spodumene LiAlSiyOg-Quartz SiO;

As spodumene is an important lithium mineral [32,44] some determinations on rather
pure ores and concentrates were made. The results of the XRD calibration measurement of
spodumene and quartz mixtures from Brazilian occurrence are summarized in Figure 7. The
main peaks of spodumene and quartz are highlighted, to verify, that precise identifications of
minerals can be made rather easily. The PLSR calibration curve for mixtures of spodumene
and quartz is shown in Figure 8.
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Figure 7. XRD patterns of different spodumene-quartz mixtures (main peak of quartz and spo-
dumene highlighted).
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Figure 8. Calibration curve for spodumene—quartz mixtures.

As an example for Rietveld refinement control of the different mixtures, the Rietveld
plot for a mixture of 95% spodumene and 5% of quartz and the calculated composition is
given in Figure 9.

counts

Spodumenge
Spodumene 94.5%

6400 Quartz §.5%

3600

1600 -

ll‘|I|I|”| il ‘\
U o B T o i e B T R A R ™ T *

10 20 30 40 50 60
Position [°2Theta] (Kupfer (Cu))

Figure 9. Rietveld refinement of a spodumene-quartz mixture.

It is also possible to cluster these spodumene containing mixtures in three different
lithium grade ores as given in Figure 10 (low, medium, and one high lithium containing
grade). The detection limit of spodumene was also determined.
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Figure 10. Clustering of spodumene-quartz mixtures (three clusters with different lithium contents). *** most representative
sample of cluster, + are the most different ones in the clusters.

3.3. Quantification of Triphylite LiFePO4-Quartz SiO,

Investigations using Triphylite (LiFePO,) (Hagendorf/Bavaria) [36] ore must primarily
deal with the possible solid solution with Lithiophorite (LiMnPOy). This composition for the
geological occurrence is definitely used for making the calibration curves. Figure 11 shows the
PLSR calibration curve for triphylite-quartz mixtures for a typical Hagendorf lithium ore.
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100 ‘ ‘ ‘ B
|
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8s . . i |
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Figure 11. Calibration curve for triphylite-quartz mixtures.
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counts

The different mixtures were additionally clustered into four different triphylite con-
taining lithium mineral mixtures (Figure 12). The detection limit for triphylite in quartz
mixtures and the lithium content of these ores was determined as well (Figure 15).

8-

—

Principal Component 2 (31.21%)
o
b

Principal
Component 3
(0.97%)

3 25

-1
Principal Component 1 (57.16%) °

Figure 12. Clustering of triphylite—quartz mixtures showing four different lithium ore grades.
*** most representative Scheme 2. contents, low triphylite, medium triphylite, and high triphylite
contents. The XRD patterns of these mixtures and their calculated groups, including their similarities,
are given in Figure 14. To show the relevant main peaks of the mineral quartz in these mixtures, with
special emphasis to low amounts, Figure 15 is added.

The graphical way to determine detection limits of triphylite is given in Figure 13
by showing the relevant XRD patterns of quartz—triphylite mixtures. 1% of triphylite in a
quartz matrix can easily be determined in these mineral mixtures.

0.02g Triphylite+1.98g Quartz =
6400 0.1g Triphylite +1.9g Quartz
3600 —
1600 _|
K‘Wm:m
400 -
0

Position [*2Theta] (Kupfer (Cu))

Figure 13. XRD pattern of small additions of triphylite to quartz matrix (1% Triphylite/99% Quartz).
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Figure 14. XRD patterns belonging to the respected determined clusters with different triphylite—
quartz contents.
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Figure 15. Main peak of quartz in triphylite-quartz calibration mixtures.

3.4. Quantification of Montebrasite LiAIPO4(OH,F)-Quartz SiO;

For the determination of different montebrasite (F-containing) contents from NE-Brazil in
the mixtures with quartz a calibration curve using PLSR was set up. The derivation of this
method must also include the solid solution of the minerals montebrasite and Amblygonite [45].
The XRD patterns of montebrasite/quartz mixtures are shown in Figure 16 and the PLSR
calibration curve for montebrasite is given in Figure 17.
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Figure 16. XRD patterns showing different contents of montebrasite-quartz mixtures.
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Figure 17. Calibration curve for montebrasite-quartz mixtures.

The clustering of XRD scans revealed four clusters of (a) SiO,-rich, (b) Montebrasite-
rich, (c) intermediate Montebrasite, and (d) intermediate SiO,-contents (Figure 18).

The following cluster details showed the different XRD patterns which compose these
separated four clusters with different montebrasite contents (high, medium, medium low,
low) (Figure 19).



Minerals 2021, 11, 1058

14 of 35

Principal Component 2 (29.69%)

Principal
Component 3
(6.39%)

Principal Component 1 (68.34%)

Figure 18. Clustering of montebrasite-quartz XRD diagrams. *** most representative sample of cluster, + are the most

different ones in the clusters.
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Figure 19. XRD patterns of quartz—-montebrasite mixtures forming the four relevant calculated clusters.
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3.5. Quantification of Lepidolite KLiyAlSizO10(OH,F),-Quartz SiO,

For the calibration of lepidolite mica and quartz some samples from Portugal were
used. For micas the preparation must be done very carefully to obtain a comparable kind
of preferential orientation in all samples, as this can influence the intensity of the peaks.
Especially for small amounts of mica, a highly preferential orientation can be included to
increase the determination limit. The intensity of a main peak of lepidolite in the mixtures
with quartz is given in Figure 20. The calculated PLSR calibration curve for lepidolite is

given in Figure 21.
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Figure 20. Details of XRD patterns showing main peak of lepidolite in different contents.
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Figure 21. Calibration curve for lepidolite—quartz mixtures.

The results of the clustering into four lepidolite containing clusters and the relevant

XRD patterns are given in Figures 22 and 23.
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Figure 22. Clustering of XRD patterns of lepidolite-quartz mixtures. *** most representative sample of cluster, + are the

most different ones in the clusters.
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Figure 23. XRD patterns of quartz-lepidolite mixtures forming the relevant calculated clusters.
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3.6. Calibration of Zinnwaldite KLiFeAl,Si3O19(F,OH),-Quartz SiO,

Using zinnwaldite [35] as a lithium source the same precautions in the preparation
of XRD patterns as in lepidolite case for micas must be used controlling the preferential
orientation of mica platelets. Typical XRD patterns showing varying contents of quartz
and zinnwaldite peak areas are given in Figure 24. The calculated PLSR calibration curve
for zinnwaldite-quartz mixtures is given in Figure 25.
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Figure 24. XRD patterns of different zinnwaldite-quartz mixtures with main peaks highlighted.
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Figure 25. PLSR calibration curve for zinnwaldite-quartz mixtures.
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Using the cluster calculation, the following four clusters containing different lithium
contents based on zinnwaldite can be generated (Figure 26).

=12

oy
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S
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=
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Principal Component 1 (57.34%)

Figure 26. Clusters derived from different zinnwaldite-quartz mixtures. *** most representative sample of cluster, + are the
most different ones in the clusters.

The XRD patterns used for PLSR calculation and the different XRDs in the clusters are
given in Figure 27.
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Figure 27. XRD patterns of the different cluster in zinnwaldite-quartz mixtures.
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3.7. Analysis of Complex Lithium Ores and Process Mixtures

Different compositions of complex ores from different parts of the world were also
analyzed and compared (Figure 28). These mixtures were all put into separate clusters by
cluster analysis due to their mineralogical variances.
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Figure 28. Dendrogram showing lithium ores from different parts of the world arranged in different clusters.

Some more ores from different parts of the world were clustered into lithium-rich
mineral ores and those having higher contents of quartz. The different main lithium miner-
als which composed these ores could also be clustered. The different lithium ore minerals
were arranged in different clusters due to their varying XRD-patterns, representing also
different LiO-contents. A separation of the different lithium ores to different mines is
possible. As the mica minerals zinnwaldite and lepidolite show close related and similar
XRD patterns and therefore their main peaks do fall in the same cluster areas (Figure 29).
In geological surroundings of these lithium ores normally only one type of mica is present
and can then be shown, included and clustered separately here.

The following five lithium containing clusters could be separated Cluster 1: MICA:
lepidolite-zinnwaldite, Cluster 2: triphylite, Cluster 3: petalite, Cluster 4: amblygonite,
and Cluster 5: spodumene (Figure 29).

3.8. Investigation of Complex Ores Composed of Spodumene, Mica (Lepidolite), Quartz
and Feldspar

Different binary, ternary, and quaternary mixtures in relevant compositional miner-
alogical variances from different occurrences were investigated. In Figure 29, the different
mixtures are shown to fall into separate clusters from mixtures containing different min-
erals. The clusters represent XRD patterns with high contents of the lithium minerals,
but also some with ternary mixtures including gangue minerals (spodumene, quartz and
mica). The combinations of binary mixtures of quartz-spodumene, quartz-feldspar and
feldspar-spodumene out of the quaternary tetrahedron including mica is given in Figure
30, represented by their PLSR calibration curves.
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Figure 29. Five Clusters of different lithium mineral ores from different parts of the world with the main minerals separated
into different clusters. *** most representative XRD, + most different XRD'’s in the cluster.
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Figure 30. Calibration curves of the three binary mixtures in the system quartz-feldspar-spodumene arranged along the
triangle spodumene-quartz-orthoclase.

It is also possible to treat complex mixtures by XRD, using statistical methods. The three
calibration curves for binary mixtures obtained by PLSR techniques are given in Figure 30. The
binary and ternary calibration curves including orthoclase, spodumene and quartz are given in
Figure 31a—c. For ternary mixtures the calibration curves can be derived also by PLSR (Figure
31d) and are based on increasing spodumene contents. In Figure 32 the derived 4 clusters of the
different mineral mixtures (binary and ternary) are given.
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Figure 31. (a) Calibration curve of binary system orthoclase-quartz, (b) calibration curve of binary system orthoclase—
spodumene, (c) calibration curve of binary system spodumene-quartz, and (d) calibration curve for spodumene in ternary

mixtures orthoclase-spodumene-quartz.
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Figure 32. Separate clusters of three binary and one ternary mixture of minerals orthoclase, quartz, and spodumene.
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In Figure 32 the four clusters of spodumene-rich, quartz-rich, orthoclase-rich, and
ternary mixtures can be calculated.

When this system is opened up by the addition of all of the other already described
binary mixtures containing lithium minerals, the clusters containing different, but definite
mineral associations can be derived as given in Figure 32. These arrangements are basi-
cally due to the relevant lithium-containing mineral from which the Li;O content can be
calculated.

By the aid of this technique the different mineral associations can be separated and
different mixtures of lithium containing minerals are separated (Figure 33). Only lepidolite
and zinnwaldite, due to their similar XRD patterns (typical mica XRD patterns), are difficult
to distinguish from each other. In practical measurements from different occurrences

worldwide, not all these different combinations will be available, which concludes that
these calculations for lithium minerals are even more simple to obtain.

Principal Component 2 (19.56%)

'8i‘,7
-9 A

. . 4 6 :i.%.
Principal Component 1 (29.63%) ’ ¢ s

Figure 33. PCA analysis of binary, ternary, and quaternary mixtures containing all six different lithium minerals, and
orthoclase and quartz, one cluster is formed containing two mica minerals.

A definite content of lithium oxide can be derived from all these mixtures, making a
wet chemical analysis of lithium redundant.

4. Investigation of Special Hard Rock Ores and Brines—Industrial Case Studies on
Complex Ores

4.1. Hard Rock Lithium Deposits—Characterization of Raw and Processed Materials

Lithium hard-rock ores are extracted either using open-pit or underground mining.
The economically valuable fraction of lithium hard rock deposits is represented by spo-
dumene, apatite, lepidolite, tourmaline, and amblygonite, of which spodumene is the

most common lithium-bearing mineral. The gangue fraction of lithium hard-rock deposits
typically consists of quartz, feldspar and other silicates.
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Figure 34 describes the basic steps to extract lithium carbonate from pegmatite hard
rock deposits. After crushing and separation of non-valuable ore, x-spodumene is con-
centrated by grinding and flotation. Byproducts such as quartz-feldspar sand can be used
as filler material in various applications. a-Spodumene is calcined into 3-spodumene to
enable further processing towards lithium carbonate or hydroxide. Leaching, dewatering,
removal of impurities, crystallization, and filtration transform (3-spodumene into lithium
carbonate or hydroxide. The byproduct analcime, a porous zeolite, can be used in several
applications during manufacturing of ceramics, cement, and asphalt.

By-products B-Spodumene Li-Carbonate

Crystallization

/ Filtration

Grinding / Dewatering / Calcination Leaching /
Flotation Filtration Dewatering

Figure 34. Schematic flow sheet for production of lithium carbonate from hard rock deposits.

The different minerals of hard rock lithium ores have different properties during
processing and influence the efficiency of flotation and calcination. Therefore, frequent
mineralogical monitoring allows to sort and blend different ore grades to ensure a consistent
quality for processing, minimize costs for reagents and reach optimal recovery rates.

Fourteen samples including raw ores as well as processed material (flotation and calci-
nation) were mineralogically analyzed for this case study. A benchtop X-ray diffractometer
Aeris Minerals was used for the case study. Five minutes of measurement time per samples
was chosen to enable fast and frequent monitoring in a process environment [15].

Prior to phase identification and quantification, cluster analysis of the raw ore samples
(n =9) was trialed to investigate the potential of fast ore sorting based on mineralogical
in formation from XRD measurements. Two cluster (groups of similar samples) could be
identified as well as two outliers (not belonging to any cluster), (Figure 35). Later mineral
quantification will show, that these two clusters reflect high- and low-grade ores and can
potentially be used to identify different ore domains in the mine.

High grade

Figure 35. PCA (principal component analysis) plot with two different cluster of lithium ores
representing different ore grades (n = 9), *** indicates the most representative scan of a cluster, +
indicates the two most different scans within one cluster.

Figure 36 shows the XRD patterns of the representative raw ore sample, «- and
-spodumene concentrates and corresponding tailings.
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Figure 36. XRD patterns from lithium ore, concentrates and tailing after flotation and calcination, A—ax-spodumene,

A—3-spodumene, O—albite, +—quartz, [J—analcime, modified after Norberg et al. (2020) [37].

Phase identification of the ore samples revealed a complex mineralogy. Main minerals
identified are spodumene LiAl(SiO3),, quartz SiO,, albite NaAlSizOg, anorthite CaAl,Si;Og,
minor amounts of lepidolite K(Li,Al)3(AlSi,Rb)4O19(FOH),, orthoclase KAISi3Og and
traces of tourmaline (elbaite) Na(Lij.5Al;.5)AlgSigO18(BO3)3(OH)4, and beryl Bes Al (SiO4)s.
The major peaks of the main phases are marked in the Figure 36.

The Rietveld method was applied to quantify the mineral concentration of the lithium
ore samples. Figure 37 shows an example of the resulting full-pattern Rietveld refinement
of one ore sample and relative quantities of all available ore samples. The information
about the different ratios of spodumene and gangue minerals can be used to define grade
blocks in the mine and to sort and blend ores from different mineralogical domains. Further,
ore mineralogy directly influences the efficiency of the flotation step and subsequently
spodumene recovery rates. The types and quantities of reagents used during flotation
require carefully adjustment based on the mineralogy. In addition, the presence and amount
of hard minerals such as quartz allows to react on changing ore composition and enables
fast feedback times to ensure optimal lifetime of processing equipment like grinding mills.

Besides the definition of ore grades, XRD can also be used to directly monitor the
efficiency during downstream processing. Figure 38 shows the quantitative phase com-
position of a-spodumene concentrate, tailings, or rejects after flotation [44], the calcined
product, and the by-product analcime. For this example, the flotation product contains
89.6% a-spodumene with the minor amounts of quartz, albite, anorthite, and traces of
lepidolite, beryl, orthoclase and mainly analcime in the residue. The main fraction of
the gangue minerals is separated in the rejects, which primarily consist of albite, quartz,
and anorthite.
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Figure 37. Example of a full-pattern Rietveld quantification of a complex hard-rock lithium ore (a) and variation of mineral

quantities in the different products (b).
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Figure 38. Example of a full-pattern Rietveld quantification of a spodumene concentrate (a) and composition of concentrate,
tailing, calcination product and residue (b).

The efficiency of the transformation from a-spodumene to B-spodumene can be
monitored by XRD. The two different modifications consist of different crystal structures
and show different XRD patterns. In the example in Figure 38, over 92% of the calcined
concentrate is transformed into 3-spodumene. Impurities are minor amounts of anorthite
and quartz. The corresponding by-product analcime still has a residue of 3-spodumene
that might require adjustments during the calcination process to further increase recovery
rates. To summarize the use of XRD for monitoring hard rock lithium ores and processing
materials enables easy and fast definition of mineralogical domains in the mine. Cluster
analysis can be used as a tool to distinguish fast and easy between different ore grades and
allows the definition of grade blocks (Figure 39) and the sorting and blending of ores based
on the mineralogical composition. XRD also enables process control during the extraction
of B-spodumene from the ore feed.
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Figure 39. XRD cluster analysis (a), corresponding mineral quantities (b) and visualization of a theoretical grade block
model (c) and mineralogical domains of a lithium hard rock deposit.

4.2. Lithium Brines—Mineralogical Characterization of Salts

Besides hard rock lithium deposits, lithium brines are also a main primary resource
of lithium with 60% of the global identified reserves [46]. Salars, dried salt lakes, hold
78% of the lithium brine reserves. The process to produce lithium from lithium brines
revolves around concentrating the brines up to 6% lithium and removing the impurities
subsequently (Figure 40). Careful monitoring of the different salts crystallizing out of a
brine helps to adjust extraction of the lithium.

- A@
Salar (-0.15% L) A

Impurity Washing /
a4 Extraction / Filtration /
Precipitation Drying

Pumping (g Evaporation /

Separation

Figure 40. Simplified flow sheet for production of lithium carbonate from brines.

Forty-three samples from a lithium brine were used to cluster, identify and quantify the
different mineral phases. Focus of this study was to find a fast way to characterize different
salt domains. Due to the hygroscopic behavior of some salt phases, special attention was
also put on the optimal sample preparation for the XRD measurements. Lithium salts
like Li-Carnallite or Li-Sulfates are hygroscopic under ambient conditions and changing
from solid to liquid within minutes. Although XRD offers short measurement times of
about 5 min, the hygroscopic behaviour challenges phase identification and quantification.
Figure 41 shows the measurement of one sample form a brine containing lithium salts.
Extremely short measurement times of 1 min were chosen to follow to decrystallization of
Li-Carnallite. Within 10 min all Li-Carnallite peaks disappear completely whereas the other
salts are still stable. To avoid decrystallization a capton foil was used on top of the sample
during the measurement (Figure 42). After 10 min, Li-Carnallite still appears crystalline
and all corresponding peaks have the same intensities.
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Figure 41. XRD measurement of one brine sample containing lithium carnallite using an open sample holder under ambient

conditions, sample measured in 1 min intervals directly after preparation.
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Figure 42. XRD measurement of one brine sample containing lithium carnallite using capton foil on top of the sample,
measured in 1 min intervals directly after preparation.

To investigate a fast method to identify and monitor different types of salts with
different mineralogical composition, cluster analysis was applied using all 43 available
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samples. Figure 43 shows a principal component analysis (PCA) with corresponding
dendrogram, identifying seven distinct clusters. During subsequent quantification of all
samples the different cluster could be connected to a certain mineral composition. Not only
the chlorides, sulfates, and lithium containing salts could be separated, but also samples
with different ratios of the minerals (e.g., halite and sylvine).
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|
i
High Gypsum 1124 }
19~ If J }

L .

High Sylvine High Halite i ]
l
- }
14 1 ; \[
Very high Halite o 9;” z {
\ 12 \,« E i
o 5 -3 I: ;0 ‘uéo 150 200

PC1 (42.14%)

Figure 43. Cluster analysis identifying different clusters of evaporites from a lithium brine deposit (1-43) and the relevant
dendrogram, *** indicates the most representative scan of a cluster, + indicates the two most different scans within one cluster.

For the set of 43 samples, 13 different mineral phases are identified using XRD, Table 4.
Main lithium containing phases are Li-Carnallite and Li-Sulfate Monohydrate.

Table 4. Minerals identifies in the brine samples investigated.

Mineral Formula
Halite NaCl
Sylvine KCl
Carnallite KMgCl3-6H,0
Bischofite MgCl,-6H,O
Chloromagnesite MgCl,
Anhydrite CaSOy
Gypsum CaSO4-2H,0
Syngenite K,Ca(S04),-H,O
Polyhalite KyMgCay (504)4-2H,0O
Kainite KMg(Cl1,504)-2.75H,0
Picromerite (Schoenite) K;Mg(S504),-6H,O
Li-Sulfate Monohydrate Li»SO4-H,O
Li-Carnallite LiMgCl3-7H,0O

Quantification of the different mineral phases in all samples was applied using the
Rietveld method. Figure 44 shows an example of a Rietveld refinement quantifying eight
crystalline mineral phases.

The case study demonstrates that XRD can be used to monitor different salts of lithium
brines. Special sample preparation is required due to the hygroscopic of the lithium salts.
Cluster analysis is a fast method to identify different mineralogical compositions of the
salts. Due to measurement times of about 5 min and quantification of the total mineral
content (crystalline phases) it is possible to use XRD as process control method to monitor
the mining and processing of lithium brines.
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Figure 44. Example of a full-pattern Rietveld quantification of a lithium ore from a brine.

5. Conclusions

By using the XRD method for the quantitative determination of minerals, followed by
a recalculation of the LipO-content, it is possible to replace the wet chemical analysis and
obtain contents of lithium increasingly fast. It could be proved that LiO-contents down to
0.1% can be reliably determined in the presented mixtures after definition of the occurring
lithium mineral in the sample. The method must be adapted to more complex mixtures.
Nowadays besides the determination of lithium in primary ores the determination of
lithium in lithium mineral leaching residues can also be of interest. It can be summarized
as follows:

1. Quantitative lithium determination by mineral quantification is possible;

2. Definite mineral composition must be known for calculations of contents;

3. Rapid and fast lithium determination in mineral mixtures by XRD is possible;

4. XRD quantification method is easily applied for simple mineralogical compositions

of minerals and can replace wet chemical analysis;

XRD methods for typical ternary mineral systems can already be successfully applied;

6.  XRD methods and interpretations combined with statistical treatment methods can
be applied in practical applications:

N

(A)  Rietveld quantification—no calibration curve necessary

(B)  Partial Least Squares—refinement with calibration curves—rapid and reliable
for lithium concentrates

(C)  Clustering of different lithium mineral compositions—identifies different
lithium ore qualities

(D)  Classic lithium content determination using chemical methods—time consum-
ing but useful for referencing

7. More complex ores and brines can be treated by XRD and useful results are obtained
methodology is more complicated;

8. Determination of lithium in brines is more complicated due to lower lithium contents
and due to complex mineralogy;

9.  For detailed mineralogical determinations a more sophisticated Rietveld analysis is
useful for multi-mineral mixtures and more detailed results.

6. Summary

Thus, also XRD technique can be used for the determination of lithium in lithium ores
as fast, quantitative and reliable method. The detection limits for the different minerals are
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summarized in Table 5. In concentrates however, mainly the higher lithium concentrations
are of interest for further processing.

Table 5. Detection of lithium in six different lithium-minerals and their detection limits.

Detection Limit

s o
(Mineral Content in Content Li,O in %

Mineral Name Detection Limit

(% of Li,O) %) (Ideal Composition)
Triphylite 0.1% <1 9.47
Spodumene 0.1% 1-2 8.03
Amblygonite 0.1% 1 74
Lepidolite <0.1% <1 7.7
Zinnwaldite 0.1% 1 3.42
Petalite 0.1% 1 4.5

The procedures followed in this type of analysis, using primarily the quantitative
mineral content and performing a recalculation of the lithium content in these minerals,
can be used on the different raw materials. A short description is given schematically in
Figure 45.

Direct XRD analysis
with PLSR

quantification

Mineral content

Quantitative _
Partial least squares

Mineral Analysis - refinement - Clustering
Rietveld

Calculation of Lithium contents

From quantitative mineralogy

Figure 45. Schematic procedure of lithium determination in lithium ores by XRD.



Minerals 2021, 11, 1058

33 0f 35

Some examples of typical concentrates of lithium minerals with quartz were analyzed
and their determination results based on the PLSR curves are given in Table 6 and Figure
46. The measured results of different mixtures can be determined rather exactly, sometimes
some difference can be observed (maximum 2% of mineral contents). But mainly, very
precise contents could be obtained.

Table 6. Examples of PLSR results of lithium ores based on definite initial values given and their measured results from XRD.

Initial
Value (%)

Measured
Value (%)

Spodumene Triphylite Petalite Montebrasite Zinnwaldite Lepidolite
10 9.88 8.02 10.34 10.13 10 9.92
50 49.89 50.14 51.32 49.99 49.85 49.93
80 80.02 79.97 80.33 80.02 80.26 79.63
95 95.22 94.75 94.85 95.02 94.93 94.55
97.5 96.1 96.89
99 97.01 97.03
100 99.7
100 4 Spodumene  Triphylite Petalite Montebrasite Zinnwaldite Lepidolite
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Figure 46. Measurements and results of typical concentrates of the lithium minerals and the measured
contents determined by XRD.

Therefore, X-ray powder diffraction (XRD) is an established, fast, and accurate miner-
alogical method providing valuable information for mining and beneficiation of lithium
hard-rock deposits. Accurate mineralogical analysis during mining and processing of
lithium ores allows efficient mine planning, ore sorting and blending as well as optimizing
the different steps of beneficiation and extraction. XRD is beneficial to optimize the use of
expensive reagents in the flotation cells. Mineralogical analysis of concentrates and tailings
during flotation and calcination of lithium hard-rock treatment allows fast counteractions
on changing ore grades or process conditions and subsequently increases the recovery
rate of lithium minerals. Modern diffraction instruments are fast, accurate and compact in
size. Their infrastructure can be easily implemented in the process flow at the beneficiation
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plant, including full automation, from sampling to results reporting into a centralized
plant control system. Compact XRD instruments can even be a part of a mobile container
lab, located directly at a mine site. Automated sample preparation in combination with
intuitive measurement flow setup and fully automated analysis significantly low is the
entry level, required to operate a modern XRD instrument in the efficient manner.
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